Varicella-zoster virus (VZV) infection causes varicella, after which the virus becomes latent in ganglionic neurons. In tissue culture, VZV-infected human neurons remain viable at 2 weeks, whereas fibroblasts develop cytopathology. Next-generation RNA sequencing was used to compare VZV transcriptomes in neurons and fibroblasts and identified only 12 differentially transcribed genes of the 70 annotated VZV open reading frames (ORFs), suggesting that defective virus transcription does not account for the lack of cell death in VZV-infected neurons in vitro.
V aricella-zoster virus (VZV) is an exclusively human neurotropic alphaherpesvirus that usually produces varicella (chickenpox) upon primary infection, after which the virus becomes latent in ganglionic neurons along the entire neuraxis. In tissue culture, VZV-infected neurons remain viable 2 weeks after infection, while all nonneuronal cells develop a cytopathic effect (CPE). Our earlier studies of VZV-infected neurons derived from induced pluripotent stem (iPS) cells revealed that neurons appeared healthy 2 weeks later, with no detectable infectious virus in the tissue culture medium; analysis of the neurons revealed VZV DNA, transcripts, and proteins corresponding to the VZV immediate early, early, and late kinetic phases of replication (1) . Furthermore, ultrastructural examination revealed few complete virions and numerous aberrant viral particles (2) . Together, these findings indicate that VZV is not latent in these neurons, despite the lack of CPE, and suggest a deficiency in replication and viral assembly in neurons during the productive infection. Thus, nextgeneration RNA sequencing (NextGen RNA-seq) was used to examine all annotated VZV transcripts in both cell types.
Terminally differentiated human neurons derived from human-induced pluripotent stem cells (iCell; Cellular Dynamics International, Madison, WI) and human fetal lung (HFL) fibroblasts were infected at a multiplicity of infection (MOI) of 1 ϫ
10
Ϫ3 cell-free vOka strain VZ virions (Zostavax; Merck, Whitehouse Station, NJ) as described previously (2) . Total RNA was extracted from VZV-infected fibroblasts when ϳ80% CPE was reached and from VZV-infected neurons 14 days postinfection (dpi), at which time 5 to 10% of the neurons were infected. cDNA libraries were constructed for each sample (3 neuron, 3 fibroblast samples) using the Illumina TruSeq stranded-mRNA sample preparation kit (Illumina, San Diego, CA). The six independently and uniquely indexed libraries were pooled and loaded onto a single lane of a HiSeq2000 flow cell for paired-end, 100-bp DNA sequencing using an Illumina HiSeq2000.
NextGen RNA-seq of six cDNA libraries yielded 29.2 to 76.8 million total reads per sample (Fig. 1A) . Removal of low-quality bases (Phred score Ͻ 15 [3, 4] ) using a custom Python script reduced total sequence data by Յ4%. The remaining sequences were mapped to the annotated VZV genome (Dumas; NCBI accession number NC_001348) using GSNAP (Genomic ShortRead Nucleotide Alignment Program) (5). Viral sequences comprised 3 to 7% of all reads from VZV-infected neurons and 17 to 29% of reads from VZV-infected fibroblasts. The bidirectional, strand-specific cDNA library construction protocol permitted alignment of sequences to either the annotated Dumas strain (top strand) or the complementary (bottom) strand (Fig. 1A ) of the VZV genome using Cufflinks (6) . After strand alignment of VZV sequences, the number of fragments per kilobase of exon per million mapped reads (FPKM; a relative expression level normalized to the sum of all viral sequences divided by specific open reading frame [ORF] length) was determined. FPKMs from all six libraries were analyzed using the statistical transformation technique of principal-component analysis (PCA) to visualize the differences between samples (Fig. 1B) . Samples were first separated by the largest component of variance (principal component 1 [PC1]) and then by the next-largest and independent component of variance (PC2). Based on PCA results and the low number of reads from neuron 3, it was considered to be an outlier and removed from further analysis.
After mapping of the five remaining libraries (two neuron, three fibroblast libraries), the average read depth per nucleotide was normalized to the total number of reads across the entire virus genome for each sample; read depths were averaged for all neuron (Fig. 2, blue) or all fibroblast (Fig. 2, red) samples and plotted by top ( Fig. 2A) and bottom (Fig. 2B ) strands. Figure 2C shows the relative locations of all annotated VZV ORFs and the directions of transcription.
VZV ORFs that were transcribed differently in neurons than in fibroblasts were identified based on their calculated fold changes in FPKMs and then by analysis of variance (ANOVA) using a two-neuron-by three-fibroblast-library design (Fig. 3A) . Alignment of the fold changes in transcript levels from highest (greater transcription in neurons) to lowest (greater transcription in fibroblasts) revealed a break at a Ϯ1.70-fold change (Fig. 3B , dotted horizontal lines). Based on a P value of Յ0.05 and a Ϯ1.70-fold change, transcription of eight VZV ORFs was increased in neurons compared to in fibroblasts, and four VZV ORFs were transcribed less in neurons than in fibroblasts (Fig. 3A, asterisks) . To validate NextGen RNA-seq results, reverse transcription quantitative PCR (RT-qPCR) was performed on five differentially transcribed VZV ORFs as described previously (7) using the same RNAs used for RNA-seq. VZV ORF 53, 54, and 64/69 transcripts were more abundant in neurons than in fibroblasts, while VZV ORF 23 and 50 transcripts were more abundant in fibroblasts (Fig. 3B) . Since RNA-seq data were normalized to total VZV transcript levels (FPKM), each RT-qPCR also required normalization. For this, VZV ORF 29 was used since the ratio of the level of this transcript in virus-infected neurons to its level in fibroblasts was 1 (i.e., the transcript abundances did not differ between cell types) (Fig. 3) . After normalization, the fold change of the level of transcription of each VZV ORF in infected neurons from the level of transcription in infected fibroblasts was determined (Fig. 4A , white bars). RT-qPCR results were the same as those found using NextGen RNA-seq technology (Fig. 4A, black bars) .
Herein, next-generation RNA sequencing was used to better understand the absence of CPE during productive VZV infection of human neurons compared to the effects of infection of fibroblasts by determining the complete virus transcriptome in each cell type. Surprisingly, only 12 of the 70 VZV ORFs showed differences in transcript abundance between the two cell types.
We found that VZV-infected human neurons in cell culture transcribed every annotated ORF, unlike the limited viral transcription present in human and monkey ganglia latently infected with varicella-zoster virus (8) (9) (10) . This confirmed a significant difference in virus gene transcription in vitro from that in human neurons latently infected with VZV. A comparison of the 12 differentially transcribed VZV ORFs to orthologous herpes simplex virus 1 (HSV-1) genes revealed that they did not belong to a unique class of virus genes: one was immediate early (ORF 4), three were early (ORFs 8, 28, and 36), and eight were late (ORFs 23, 33.5, 39, 50, 53, 54, 64/69, and 65); six were essential (ORFs 4, 28, 33.5, 39, 53, and 54) and six were nonessential (ORFs 8, 23, 36, 50, 64/69, and 65); and nine mapped to the bottom strand (ORFs 4, 8, 23, 28, 33.5, 50, 53, 54 and 65), two to the top strand (ORFs 36 and 39), and one to both strands (ORF 64/69). Overall, viral transcription in neurons that survive 2 weeks after VZV infection does not appear to be defective compared to that in fibroblasts. Further studies are needed to compare the rates of VZV DNA replication in neurons and fibroblasts.
